ABSTRACT The present study aimed to investigate the dynamic expression patterns of death-receptor adapter proteins TNF-receptor-associated deathdomain protein (TRADD) and Fas-associated deathdomain protein (FADD) in E.tenella-induced host-cell apoptosis. Culture techniques for primary chick embryo cecum epithelial cells, ELISA, hematoxylin-eosin staining, fluorescence quantitative PCR techniques, and Hoechst-Annexin V-PI apoptosis staining were used to detect the apoptosis rates and dynamic expression patterns of TRADD and FADD in E. tenella host cells at 4, 24, 48, 72, 96, and 120 h. The rates of early apoptosis, late apoptosis, and necrosis of E. tenella-infected group (group T0) were significantly lower (P < 0.05) or highly significantly lower (P < 0.01) than those of control group (group C) at 4 h, but higher (P < 0.05 or P < 0.01) at varying degrees than those of the same group at 24 to 120 h. Compared with group C, both the mRNA and protein expression levels of TRADD in the group T0 cells increased highly significantly (P < 0.01) at 4 and 24 h, and significantly (P < 0.05) at 48, 72, and 120 h. Compared with the mRNA expression in the group C cells, that of TRADD in the group T0 cells increased significantly (P < 0.05) at 96 h. Both the mRNA and protein expression of FADD in the group T0 cells displayed no significant difference (P > 0.05) from those in the group C cells at 4 h. However, FADD expression in the group T0 cells were significantly (P < 0.05) or highly significantly higher (P < 0.01) than those in the group C cells at 24 to 120 h. These observations indicate that in the early developmental stages of E. tenella, the host-cell apoptosis rate decreased, and TRADD expression increased. In the middle and later developmental stages of E. tenella, the host-cell apoptosis rate increased and expression of TRADD and FADD increased. The variation trends of TRADD and FADD expression were significantly positively correlated with the change rule of the host-cell apoptosis rate, respectively. These results indicate that TRADD and FADD may play an important role in E. tenella-induced host-cell apoptosis.
INTRODUCTION
Chicken coccidiosis, one of the most economically devastating diseases in intensively reared poultry, is caused by the replication of up to seven species of apicomplexan parasites that belong to the genus Eimeria in intestine epithelial cells (Ritzi et al., 2014; Yin et al., 2015; Chapman et al., 2016) . As a result, it has been estimated that coccidiosis incurs an annual financial loss to the poultry industry of about US$3 billion . Eimeria tenella (E. tenella) is a prevalent pathogen that can cause hemorrhagic diarrhea, weight loss, and mortality (Kipper et al., 2013; Lan et al., 2016 E. tenella mainly damages the chicken cecum and surrounding areas. Studies confirmed that the apoptosis rate of cecal epithelial cells infected by E. tenella increases relative to the normal rates (Cacho Del et al., 2004; Gu et al., 2010) . E. tenella-infected embryo cecal epithelial cells have shown decreased apoptosis at early developmental stages (24 h or less) but conversely showed increased apoptosis during the middle and late developmental stages (24 to 120 h) (Yan et al., 2015) . This observation indicated that cecal epithelial cell apoptosis is one means by which E. tenella damages the host. The mitochondrial pathway, deathreceptor pathway, and endoplasmic-reticulum pathway are three major signaling pathways in cell apoptosis. Further study found that the blocking of the mitochondrial apoptosis pathway (caspases-9 inhibitor, Z-LEHD-FMK; MPTP inhibitor, cyclosporin A) can only partially inhibit the E. tenella host-cell apoptosis (Yan et al., 2015; Xu et al., 2016) , suggesting the existence of mitochondria-independent pathways of apoptosis.
The death-receptor pathway is a major signal transduction pathway of apoptosis. Fas-associated deathdomain protein (FADD), an adapter protein containing a death domain, lies in the cytoplasm. By binding to the death domain of the death-receptor molecule in the cytoplasm, FADD can mediate the apoptosis pathways of Fas/FasL, tumar necrosis factor receptor (TNFR), and TNF-related apoptosis-inducing ligand (TRAIL). Under the influence of the Fas system, the FADD in the cytoplasm appears to translocate to the plasma membrane, further forming a death-inducing signaling complex with Fas and procaspase-8, then activates caspase-8, and eventually causes apoptosis. Similarly, TNFR1 apoptotic signaling is also mediated by FADD. TNFR1 binds FADD indirectly through the TNFreceptor-associated death-domain protein (TRADD). TRADD is a kind of death adapter protein containing a DD, which is crucial in the TNF-α-mediated apoptosis (Yu et al., 2004) . In addition, both FADD and receptorinteracting protein (RIP) can be connected indirectly to TNFR1 only via TRADD (Hsu et al., 1996; Holier et al., 2000) . Therefore, TRADD is considered a central signal linker in TNFR1 signaling pathways (Aggarwal, 2003; Jaattela and Tscho pp, 2003) . According to previous reports, in the host-cell apoptosis mediated by virus and Chlamydia trachomatis, TRADD, and FADD each exhibited the different expression patterns and participated in regulation (Vats et al., 2010; Lu et al., 2013) .
At present, research on the dynamic expression of TRADD and FADD in E. tenella-induced host-cell apoptosis after E. tenella invading the chicken embryo caecum epithelial cells is still lacking. In the present study, culture techniques for primary chick embryo cecum epithelial cells, Hoechst-Annexin V-propidium iodide (PI) apoptosis staining, hematoxylin-eosin staining, fluorescence quantitative PCR techniques, and enzyme-linked immunosorbent assay (ELISA) were applied in vitro to better dissect the dynamic expression of TRADD and FADD in E. tenella-induced host cell apoptosis. This study can provide a theoretical basis for further explanation of the injury mechanism of E. tenella, and the prevention and treatment of coccidiosis.
MATERIAL AND METHODS

Experimental Animals
A total of ten 1-day-old specific pathogen-free (SPF) chicks and one hundred 15-day-old SPF chicken embryos were used in this study and were provided by Beijing Meri Avigon Laboratory Animal Technology Co., Ltd. (Beijing, China). One-day-old chicks were raised under strict pathogen-free conditions. This study was approved by the Animal Experiment Committee of Shanxi Agricultural University.
Parasites
The E. tenella Shanxi virulent strain (EtSX01) used in the current study was provided by the Laboratory of Veterinary Pathology in the College of Animal Science and Technology (Shanxi Agricultural University, China).
Preparation of E. tenella Sporozoites
E. tenella was amplified through ten 15-day-old SPF chicks already infected orally with 6,000 sporulated E. tenella oocysts. The resulting oocysts were obtained from the feces of chickens seven to eight days postinfection. After oocysts were isolated and sporulated, sporozoites were excysted as previously described (Yang et al., 2015) .
Primary Culture of Chick Embryo Cecal Cells and Parasite Infection
Chick embryo cecal epithelial cells were taken from one hundred 15-day-old SPF chick embryos (Merial Vital Corp, Beijing, China) and cultured as described previously . The ceca were briefly removed and placed in PBS, minced to 1 mm 3 , digested by 50 mg/L thermolysin (Sigma, Fresno, California) at 37
• C for 2 h, rinsed with PBS, and centrifuged at 220 × g for 5 min to remove single cells. Before being plated, based on each different cell's adherence speed, the precipitated dissociated cells were cultivated for 70 min at 41
• C in a humidified, 8% CO 2 -air incubator to remove all other cells except the cecal epithelial cells in a culture medium with 10% fetal bovine serum (Yan et al., 2015) . Non-adherent cecal epithelial cell aggregates were maintained at 41
• C in a humidified incubator with 8% CO 2 . They were then plated at a concentration of 2 × 10 5 live cell aggregates per well on a 6-well tissue culture plate with 2.5% fetal bovine serum in addition to the culture medium (Yan et al., 2015) . Confluent chick embryo cecal epithelial cell monolayers were infected with 4 × 10 5 freshly excysted E. tenella sporozoites per well.
Experimental Protocol
When the adherence rate reached 90%, chick embryo cecal epithelial cells were randomly divided into two experimental groups, as follows: (1) the control group (group C); and (2) the infection group (the cells infected with E. tenella sporozoites, group T0). In addition, cells were sampled at 4, 24, 48, 72, 96 , and 120 h after infection, respectively. All experiments were repeated five times. In addition, the culture liquids were changed every 48 h. The calculation used for the adherence rate is as follows:
Adherence rate (%) = the area of hole bottom attached by cells/the total area of hole bottom × 100 Table 1 . The forward, reverse primers of FADD, TRADD, and β-actin.
Gene
Forward primer Reverse primer
Hematoxylin and Eosin Stain At 4, 24, 48, 72, 96 , and 120 h after infection, chamber slides of groups C and T0 were taken, and then stained with Lillie-Mayer's hematoxylin (Solarbio) and 1% eosin (Solarbio). Procedures were operated as previously described by Yang et al (2015) . Sample E. tenella infections were observed in 200 cells selected randomly by light microscopy. The calculation used for the infection rate is as follows:
Infection rates at each time point (%) = the number of infected cells on each time point/200 × 100
Dynamic Detection of TRADD, FADD Protein Expression in E. tenella Host Cells
The dynamic changes in the amount of TRADD and FADD in E. tenella host cells were detected by ELISA according to the manufacturer's instructions, respectively using chicken Fas associated protein with death domain (FADD) ELISA kit (Sigma Corp, Batch: IB-66020), and chicken TNF receptor associated death domain protein (TRADD) ELISA kit (Sigma Corp, Batch: IB-66013).
Quantitative Real-Time PCR
Total RNA was extracted with TRIzol reagent (Invitrogen, Grand Island, New York,) following the manufacturer's instructions. Quantitative real-time PCR was performed using reverse transcription kit (Takara, Tokyo, Japan) and SYBR Green PCR Master Mix (Takara, Tokyo, Japan). The primers of FADD, TRADD, and β-actin used were shown in table 1. Genes were sequenced at the Beijing Liuhe Huada Gene Technology Company (Beijing, China).
Apoptosis Assay×
Fluorescein isothiocyanate (FITC)-conjugated Annexin V/PI (annexin V-FITC/PI) (BD Biosciences, San Diego, CA; cat: 556547, lot: 6033840) and Hoechst 33342 (Beyotime, Shanghai, China; cat: C1025) markers were employed to detect the apoptosis rate under a fluorescent microscope (OLYMPUS, Hatagaya, Japan). Procedures were performed as described in Venkatanarayan's reports (Venkatanarayan et al., 2015) . In brief, at 4, 24, 48, 72, 96 , and 120 h after infection, the culture mediums of groups C and T0 were aspirated into suitable centrifuge tubes. Then, chick embryo cecal epithelial cells were harvested using 0.25% trypsin, centrifuged at 1,000 × g for 5 min, and suspended with 1 mL ice-cold PBS. The cells were again centrifuged at 1,000 × g for 5 min and suspended gently in 400 μL 1× binding buffer (1 × 10 5 cell density), to which 5 μL of 2 μg/ml Hoechst 33342 was added at 37
• C. The mixture was allowed to stand for 15 min, centrifuged at 1,000 × g for 5 min, and suspended gently in 400 μL 1× binding buffer. Then, 5 μL Annexin V-FITC was added in the dark at room temperature. After 15 min, 10 μL of 100 μg/mL PI was added in the dark at ice temperature; after 5 min, the resulting mixture was again centrifuged at 1,000 × g for 5 min. The cells were suspended in 50 μL 1× binding buffer. Images were captured using a fluorescent microscope and cellSens software. Sample apoptosis was observed in 200 cells selected randomly and 5 parallel samples at each time point. The cells were then distinguished as follows: normal cell (Hoechst 33342+/Annexin V+), early apoptosis cells (Hoechst33342+/ Annexin V++), and late apoptosis and necrosis cells (Annexin V++/PI++; PI++).
Statistical Analysis
All quantitative data were analyzed by ANOVA in a SPSS 19.0 (SPSS Inc., Chicago, IL) and expressed as mean ± SE. SPSS Pearson correlation analysis was used to analyze the correlation of the apoptosis change rule and the variation trends of the TRADD and FADD expression. A P-value of < 0.05 was considered as significant. A P-value of < 0.01 was considered as highly significant.
RESULTS AND DISCUSSION
This study demonstrated that E.tenella inhibits hostcell apoptosis and increases the TRADD expression in the early developmental stages of E. tenella, and promotes host-cell apoptosis and increases the expression of TRADD and FADD in the middle and later developmental stages of E. tenella.
The statistical results showed that after infection with E. tenella, the infection rates in group T0 were 40.00 ± 0.89, 34.00 ± 0.74, 28.40 ± 1.03, 24.80 ± 0.60, 21.80 ± 0.86, and 18.00 ± 0.79 at 4, 24, 48, 72, 96, and 120 h, respectively (Figure 1 ), and these results were consistent with those obtained in previous reports (Yan et al., 2015) . By counting the rates of early apoptosis, late apoptosis, and necrosis in groups C and T0 by Hoechst-Annexin V-PI staining, we noted that the early apoptosis rate in group T0 decreased highly significantly (7.00 ± 0.45) at 4 h (P < 0.01) compared with that of group C (10.40 ± 0.51). However, the early apoptosis rate in group T0 increased significantly or highly significantly (8.00 ± 0.45, 8.40 ± 0.40, 8.40 ± 0.51, 9.00 ± 0.45, and 11.00 ± 0.63) at 24, 48, 72, 96, and 120 h, respectively (P < 0.05 or P < 0.01) (Figure 2a , and 2c), compared with those of group C (3.00 ± 0.84, 5.00 ± 0.45 h, 5.40 ± 0.40, 7.60 ± 0.51, and 7.00 ± 0.32). Compared with the rates of late apoptosis and necrosis in group C (11.00 ± 1.67, 4 h; 9.00 ± 1.14, 24 h; 7.00 ± 1.12, 48 h; 10.20 ± 1.60, 72 h;11.50 ± 1.05, 96 h; and 10.00 ± 0.98, 120 h), the rate of late apoptosis and necrosis in group T0 decreased significantly (7.20 ± 0.71) at 4 h (P < 0.05). Moreover, the rate of late apoptosis and necrosis in group T0 did not significantly differ (12.00 ± 2.10) at 24 h (P > 0.05). However, the rate of late apoptosis and necrosis in group T0 increased highly significantly (18.00 ± 2.28, 18.20 ± 1.39, 17.40 ± 0.60, and 19.20 ± 1.20) at 48, 72, 96, and 120 h, respectively (P < 0.05 or P < 0.01) (Figures 2b-c) , which are consistent with previous reports (Yan et al., 2015) . The rates of early apoptosis, late apoptosis, and necrosis decreased in the early developmental stages of E. tenella. Conversely, in the middle and late developmental stages of E. tenella, the rates of early apoptosis, late apoptosis, and necrosis increased. and T0 at 4, 24, 48, 72, 96 , and 120 h, respectively (n = 5). b: Quantitative determination of late apoptosis and necrosis rates in groups C and T0 at 4, 24, 48, 72, 96 , and 120 h, respectively (n = 5). c: Hoechst staining (blue) and Annexin V/PI staining (Green/Red) to detect cells in group C and T0 at 24, 72, and 120 h, respectively; Merge is Hoechst staining/Annexin V/PI staining overlay.
* P < 0.05 vs. C, * * P < 0.01 vs. C, the same as below figures. Magnification 400×. This experiment further verified the effect of E. tenella on host-cell apoptosis by another research technique. The chicken TRADD and FADD gene sequencing results were shown in table 2. The Blast software from Genebank was used for sequence alignment. TRADD gene homology was 96% for the chicken TRADD (Gene ID: XM 004944140. 2), whereas FADD gene homology was 95% for the chicken FADD (Gene ID: XM 421073. 5). The products obtained in this experiment were the chicken TRADD and FADD genes.
The TRADD expressions in groups C and T0 were determined by ELISA and fluorescence quantitative PCR technology. Compared with the TRADD expression of group C cells (1.0003 ± 0.0894, 4 h; 1.0193 ± 0.0284, 24 h; 1.0301 ± 0.1145, 48 h; 0.9580 ± 0.1562, 72 h; 1.0572 ± 0.1355, 96 h; and 0.9889 ± 0.1014, 120 h) the TRADD mRNA expression in the group T0 cells increased highly significantly (2.6849 ± 0.1684, 1.8289 ± 0.0549, and 1.4505 ± 0.1066) (P < 0.01) at 4, 24, and 48 h, respectively, and increased significantly (1.3733 ± 0.0853, 1.4204 ± 0.1261, and 1.3876 ± 0.1161) (P < 0.05) at 72, 96, and 120 h, respectively (Figure 3a-b) . Compared with group C cells (0.095 ± 0.004, 4 h; 0.103 ± 0.003, 24 h; 0.111 ± 0.006, 48 h; 0.133 ± 0.003, 72 h; 0.152 ± 0.009, 96 h; and 0.135 ± 0.007, 120 h), the TRADD protein expression in group T0 cells increased highly significantly (0.157 ± 0.007 and 0.123 ± 0.003) (P < 0.01) at 4 and 24 h, respectively, increased significantly (0.135 ± 0.004, 0.147 ± 0.004, and 0.161 ± 0.006) (P < 0.05) at 48, 72, and 120 h, respectively, and did not significantly differ (0.155 ± 0.008) (P > 0.05) at 96 h ( Figure 3a, and 3c) . The TRADD mRNA expressions in the two groups were consistent with the TRADD protein expressions. The mRNA and protein expressions of TRADD increased highly significantly in the early developmental stages of E. tenella and increased significantly in the middle and late developmental stages of E. tenella. TRADD is a branch point of the signaling pathways of proliferation and apoptosis. After suffering intense stimulation, cells produce excessive amounts of the cytokine TNF-α. TNF-α can activate TNFR and further increase TRADD expression. In addition, TRADD can promote host-cell apoptosis by activating the TRADD/FADD/caspase-8 apoptosis pathway (Wilson et al., 2009) . TRADD can also inhibit host-cell apoptosis by activating the TRADD/TRAF2/NF-κB apoptosis pathway (Aringer and Smolen, 2003; Wilson et al., 2009) . The balance between the two opposing signal pathways decides the final cell fate (survival or death) (Wilson et al., 2009) . A study indicated that and T0 at 4, 24, 48, 72, 96, and 120 h, respectively. TRADD plays an important role in the antiviral response (Pietras and Cheng, 2008) . After mouse lung tissue was infected with influenza A virus (IAV), the expression of the apoptosis-related genes caspase-8, Fas, FasL, and TRADD were up-regulated obviously, and apoptosis rate increased (Lu et al., 2013) . Grass carp reovirus triggers apoptosis by increasing the mRNA level of TNF-α, TRADD, or caspase-8 (Lu et al., 2016) . After human epithelial cells were infected with Chlamydia, the expression levels of McL-1, Bcl-2, caspase-8, and TRADD genes were up-regulated significantly (P < 0.01) (Vats et al., 2010) . P. gingivalis increased the TRADD mRNA level in the gingival epithelial cell (Li et al., 2013) . In this experiment, elevated TRADD expression in the E. tenella host cell was verified from two levels (gene and protein), similar to previous reports (Vats et al., 2010; Lu et al., 2013) . E. tenella improved the TRADD gene transcription level and promoted the protein expression of TRADD in the host cells. Moreover, in the middle and late developmental stages of E. tenella, TRADD protein expression in the group T0 cells was significantly positively correlated with the apoptosis variation trend of host cells (r = 0.885, P = 0.046). However, in group C, the cells did not significantly correlate with the cell apoptosis change rule (r = 0.184, P = 0.727). TRADD may play a complicated and important role in E. tenella-induced host-cell apoptosis, but further study is necessary to elucidate the specific role.
The FADD expressions in groups C and T0 were determined by ELISA and fluorescence quantitative PCR technology. Compared with group C cells (0.9882 ± 0.0387, 4 h; 1.0044 ± 0.0898, 24 h; 0.9733 ± 0.0528, 48 h; 1.0033 ± 0.0084, 72 h; 1.0247 ± 0.0643, 96 h; and 0.9880 ± 0.0205, 120 h), the FADD mRNA expression in the group T0 cells did not significantly differ (0.9304 ± 0.0640) (P > 0.05) at 4 h and increased highly significantly (1.2595 ± 0.0662, 1.3279 ± 0.0436, 1.3434 ± 0.0586, 1.4645 ± 0.0938, and 1.3495 ± 0.0632) (P < 0.01) at 24, 48, 72, 96, and 120 h, respectively (Figures 3a, and 4a) . Compared with group C cells (0.079 ± 0.005, 4 h; 0.082 ± 0.007, 24 h; 0.086 ± 0.008, 48 h; 0.086 ± 0.002, 72 h; 0.134 ± 0.002, 96 h; and 0.109 ± 0.010, 120 h), the FADD protein expression in group T0 cells did not significantly differ (0.072 ± 0.004) (P > 0.05) at 4 h, increased significantly (0.108 ± 0.009 and 0.151 ± 0.011) (P < 0.05) at 24 and 120 h, respectively, and increased highly significantly (0.117 ± 0.005, 0.126 ± 0.008, and 0.172 ± 0.005) (P < 0.01) at 48, 72, and 96 h, respectively (Figures 3a, and 4b) . The FADD mRNA expressions in the two groups were consistent with the FADD protein expressions. FADD was not significantly expressed in the early developmental stages of E. tenella, although FADD expression was significantly or highly significantly up-regulated in the middle and late developmental stages of E. tenella. FADD is an important signal transduction protein in death-receptor apoptosis, thus, abnormal FADD expression will lead to the abnormality of cell apoptosis directly. According to previous reports, chickens infected with E.tenella exhibited a significant increased TNF-α expression (Wang et al., 2008) , moreover, under the stimulation of TNF-α, host cell FADD expression was obviously up-regulated (Direkrit et al., 2016). FADD can promote host-cell apoptosis by activating FADD/caspase-8 apoptosis pathway (Wilson et al., 2009 ). In addition, at 4 d after infection with Trichinella spiralis, the FADD mRNA expression in lung cells increased significantly, and lung cell apoptosis index increased (Li et al., 2013) . In this experiment, high FADD expression within the E.tenella host cell was verified from two aspects of gene and protein expression levels, respectively, which were similar to previous reports (Li et al., 2013) . E. tenella increased the FADD gene transcription level and promoted the FADD protein expression in the host cells. Moreover, during the development of E.tenella, FADD protein expression in the group T0 cells was significantly positively correlated with the apoptosis change rule of the host cells (r = 0.836, P = 0.038). However, in the group C cells, no significant correlation with the cell apoptosis change rule was noted (r = 0.342, P = 0.507). FADD may play an important role in E. tenella-induced hostcell apoptosis. However, further study is needed to elucidate the specific role.
In conclusion, in the early developmental stages of E. tenella, the rates of early apoptosis, late apoptosis, and necrosis of host cells decreased, and TRADD expression increased. In the middle and later developmental stages of E. tenella, the rates of early apoptosis, late apoptosis, and necrosis of host cells increased significantly or highly significantly, TRADD expression increased significantly, and FADD expression increased significantly or highly significantly. Moreover, the variation trends of the TRADD and FADD expression showed significant positive correlations with the change rule of the host-cell apoptosis rate. This research provides a theoretical basis for developing the alternative anticoccidial products in the commercial poultry industry.
